Negative bias temperature instability (NBTI) of the HfSiON/TiN gate stack is investigated as a function of the dielectric thickness. It is shown that as the thickness of the HfSiON layer is reduced below 20 Å , the NBTI mechanism approaches the mechanism that induces H-reaction diffusion. Conversely, for thicker HfSiON dielectrics, a combination of H-reactiondiffusion and charge detrapping from the bulk HfSiON contribute to NBTI. MOS devives with plasma nitrided HfSiON (30 Å ) with varying nitrogen (N) content as gate dielectric are studied with respect to NBTI and it is found that NBTI is dominated by electron detrapping from the bulk and the threshold voltage (V TH ) shift reduces monotonically with increasing N content.
Introduction
High-dielectrics, along with metal gate electrodes have been proposed to replace SiO 2 and polycrystalline silicon (poly-Si) to continue gate stack scaling. 1) Although significant research has focused on high-dielectrics, such as hafnium oxide (HfO 2 ) and hafnium silicate (HfSiO x ), there is no general consensus on the reliability mechanisms of these materials under long-term electrical stress. Negative bias temperature instability (NBTI) has been empirically attributed to interface state generation resulting from hole injection in SiO 2 /p+ poly-Si p-channel field effect transistor (pFET) gate stacks.
2) Recent NBTI research on highdielectrics has shown that a similar mechanism also applies to high-gate stacks. 3, 4) However, high-dielectrics have been shown to have significant ''neutral'' and charged trap centers, which can reversibly trap electrons and holes.
5-7)
The effect of N content on NBTI in high-has not been adequately explored. In this study, the dependence of NBTI on dielectric thickness and plasma N content has been studied in HfSiON (30% SiO 2 ).
Sample Fabrication and Measurements

Thickness dependence
Standard compimentary metal-oxide-semiconductor field-effect-transistor (CMOSFET) processing flow is used to fabricate the samples. On the HF-cleaned wafer, 10 Å of interfacial oxide is grown, followed by atomic layer deposition (ALD) HfSiO (30% SiO 2 : 18, 22, 26, and 30 Å ) using Hf[N(CH 3 )C 2 H 5 ] 4 (TEMAHf) and Si[N(CH 3 )C 2 H 5 ] 4 (TEMASi) precursors with ozone oxidant. Nitrogen is thermally introduced in the dielectric during the post deposition anneal (PDA). ALD titanium nitride (TiN) gate electrode is then deposited for gate electrode. The remaining transistor flow is standard and yielded wafers with excellent across-wafer-uniformity, equivalent oxide thickness (EOT) of 10 -15 Å and electron mobility approaching universal channel mobility. Leakage current density (J g )-EOT and electron mobility (m)-EOT ( Fig. 1 ) are among the best reported for EOT $ 10 Å . Fourier transform IR spectroscopy (FTIS) of the films shows an increase in the O-Si-O bond for thin HfSiON and a shift to the left (Fig. 2) , indicating improvement in the quality of the SiO 2 interface. The NBTI tests are performed on 10 Â 1 mm 2 pMOS devices, with source, drain, and substrate grounded during the stress. The samples are stressed using a constant voltage for 1000 s. The transconductance (g m ) and threshold voltage (V TH ) are extracted using drain current-gate voltage (I d -V g ) sweeps performed during periodic interruptions of the stress. Measurements are performed at various stress voltages and three different temperatures-room temperature (RT), 75 C, and 125 C.
Nitrogen content dependence
While most of the processing remains the same, the gate dielectric (30% SiO 2 HfSiO) is deposited on thermally grown SiON interface. Nitrogen is incorporated into the film by plasma nitriding the dielectric after the PDA. The amount of nitrogen in the films is varied by changing the plasma nitridation time to achieve 4, 8, and 16% nitrogen (estimated). Figure 3 shows that the EOT of these films decreases monotonically with increasing N content. NBTI measurements are performed by matching the vertical field across all the nitrogen incorporated devices. The 10 Â 1 mm 2 pMOSFETs were stressed at the same effective vertical field [E eff ¼ À10 MV/cm ¼ ðV g À V TH Þ=EOT] at RT and 100 C.
Results and Discussion
Thickness dependence
The threshold voltage shift in SiO 2 is believed to be due to the ''hydrogen reaction-diffusion'' (H R-D) model. It has been shown mathematically that the threshold voltage shift follows a power law relationship with time with exponent n $ 0:26.
2) The power law exponents are extracted from the slope of the logðÁV TH Þ vs log(time) plot. Figure 4 show ÁðV TH Þ vs time for the thin HfSiON (18 Å ), at À2 V stress voltages and different temperatures. The power law exponent obtained for the thin HfSiON is $0:22 { 0:23. For the thick silicate (30 Å ), however, the extracted power law exponent is $0:14 { 0:16 indicating an additional component in the V TH instability (Fig. 5) . Along with the threshold voltage shift we observe a downward shift in the peak transconductance ( tion of these mechanisms is in effect. The dependence of n on the thickness of the dielectric (Fig. 7) shows that, as the thickness of the HfSiON layer is reduced, n increases towards 0.26 (SiO 2 ). This phenomenon implies that as the thickness decreases, H R-D starts becoming significant. As the HfSiON layer is made thicker, charge detrapping becomes the dominant mechanism. The value of n is smaller for the thick dielectric because a large portion of the charge detrapping is transient and occurs within $100 ms of stress and subsequent V TH shift is slower, leading to a smaller value of n, as shown in Fig. 7 . Figure 8 shows g m,max degradation at 10 sec stress plotted as a function of stress field for RT, 75 C, and 125 C. The increase in the slope of the curve is much more severe for the thin HfSiON (18 Å ) than for the thick HfSiON (30 Å ). A concurrent increase in ÁðV TH Þ is also observed to be more severe in the thin HfSiON (18 Å ) (not shown here). Such paradigm shift in HfSiON < 2:0 nm physical thickness occurs due to a significant reduction in trap density in the high-dielectric due to reduction in degree of crystallization. This was illustrated by us in refs. 9 and 10. This theory is consistent with recent research by Houssa et al., 11) who reported that the power law exponent n decreases with increase in ''Hf'' content in the film. The worse degradation of g m,max in thin HfSiON (18 Å ), as compared to the thick HfSiON (30 Å ) can be attributed to poorer quality interface in the thin HfSiON, as explained before.
Nitrogen content dependence
NBTI dependence on N content was investigated in thick HfSiON films (30 Å ). Figure 9 shows the V TH change with stress time in films with different N (N) content. V TH instability at 100 C reduces significantly with increase in N content in the film (Fig. 9 ). This V TH shift is accompanied by less than 3% g m degradation after 1000 s stress. This is true of V TH instability at room temperature, as well (not shown here). Interface degradation is therefore insignificant and the V TH shift can be assumed to be from electron detrapping. 5) N incorporation seems to reduce the density of electron-filled trap centers that empty under negative bias stress. This seems to be in agreement with reports that nitrogen anneals oxygen vacancies that act as electron trap centers. 12) 4. Conclusions NBTI is investigated for highly scaled HfSiON. From the dependence of power law exponent on dielectric thickness, it is concluded that the H-reaction diffusion model is the dominant mechanism for thin HfSiON (18 Å ). Conversely, for thick HfSiON (30 Å ), a combination of the H-reaction diffusion and charge detrapping from existing trap centers in the bulk contribute to NBTI. Nitrogen incorporation (through plasma treatment) in 30 Å films decreases the magnitude of V TH shift seen during NBTI. We attribute this reduction to reduced trap-density due to N atoms filling up oxygen vacancies, which would otherwise act as electron traps.
